A subsonic probe for the measurement of d-region charged particle densities by Willis, R. G.
Ionospher ic  R e s e a r c h  
ARO G r a n t  DA-ARO-D-3 1- 124-G659 
Scien t  if ic R e p o r t  
on 
A Subsonic  P r o b e  fo r  the M e a s u r e m e n t  of 
D- reg ion  Charged  Par t i c  l e  D e n s i t i e s  
by 
R.  G. Wi l l i s  
S e p t e m b e r  1, 1965 
Scient i f ic  R e p o r t  No. 245 
“The  r e s e a r c h  r e p o r t e d  in this  documen t  h a s  been  s p o n s o r e d  by t h e  
A r m y  R e s e a r c h  Of f i ce -Durham u n d e r  G r a n t  DA-ARO-D-31-124-G659 
and ,  i n  p a r t ,  by t h e  Nat iona l  A e r o n a u t i c s  and  Space  A d m i n i s t r a t i o n  
u n d e r  G r a n t  NsG-134-61.  
Submi t t ed  by: 
E l e c t r i c a l  E n g i n e e r i n g  
J. S. N i s b e t ,  A s s o c i a t e  P r o f e s s o r  of 
E l e c t r i c  a1 Engine  e r i n g  
Approved  by: 
A. H. Waynick,  D i r P c t o r ,  Ionosphe re  
R e s e a r c h  L a b o r a t o r y  
Ionos phe r e  R e  s e a r c h  Lab0 r ato r y  
The Pennsy lvan ia  S t a t e  U n i v e r s i t y  
College of E n g i n e e r i n g  
D e p a r t m e n t  of E l e c t r i c a l  Eng inee r ing  
https://ntrs.nasa.gov/search.jsp?R=19650026833 2020-03-16T22:05:32+00:00Z
TABLE OF CONTENTS 
Page 
i 
8 
10 
13  
1 5  
* 
Abstract . . . . . . . . . . . . . . . . . . . . . . .  
I, INTRODUCTION 
A. General Statement of the Problem . . . .  
B. Origin and Importance of the Method. . .  
C. Previous D-region Probe Work . . . . . .  
D. Specific Statement of the Problem, . . .  
11. EXPERIMENTAL TECHNIQUES 
A. Description of Experiment. . . . . . . .  
B. Probe Geometry . . . . . . . . . . . . .  
C. Probe Electronics and Telemetry . . . .  
D. Data Acquisition and Reduction . . . . .  
111. THEORETICAL CONSIDERATIONS 
A .  D-region Probe Theory. . . . . . . . . .  18 
B. Ionic Mobilities . . . . . . . . . . . .  21 
C. Heavy Ions . . . . . . . . . . . . . . .  24 
D. Photo-electric Effects . . . . . . . . .  24 
E. Compressibility Effects . . . . . . . .  30 
IV. EXPENMENTAL EU3SULTS 
A. Developmental Launches . . . . . . . . .  32 
B. Angle of Attack Effect . . . . . . . . .  33 
C. Positive Ion Density Data. . . . . . . .  38 
V. SUMMARY AND CONCLUSIONS . . . . . . . . . . . . .  41 
Acknowledgments . . . . . . . . . . . . . . . . . . .  43 
Bibliography . . . . . . . . . . . . . . . . . . . . .  44 
ABSTRACT 
96434 
The philosophy, theory,  and prel iminary r e s u l t s  of  a program 
t o  measure charged p a r t i c l e  number d e n s i t i e s  i n  t h e  D-region of 
t h e  ionosphere are presented. The instrument used i s  a subsonic,  
parachute-borne, b i p o l a r  probe with a p l ana r  c o l l e c t o r .  The probe 
geometry and e l e c t r o n i c s ,  t h e  r e l evan t  theory,  and t h e  experimental  
r e s u l t s  from r e c e n t  Arcas rocket s h o t s  are r epor t ed .  Resu l t s  i n d i -  
c a t e  p o s i t i v e  i o n  d e n s i t i e s  of t h e  o rde r  of  l o 3  cm - from 60 t o  
70 ki lometers ,  An e r r o r  ana lys i s  of t h e s e  r e s u l t s  shows t h a t  
t h e  p r i n c i p a l  e r r o r  results from an u n c e r t a i n t y  i n  probe p o t e n t i a l  
stemming from solar u l t r a - v i o l e t  i r r a d i a t i o n  of t h e  s i d e s  o f  t h e  
probe during daytime shots .  
This  probe system i s  s i g n i f i c a n t  i n  t h a t  t h e  r e s u l t s  a r e  
independent of  angle  o f  a t t ack ,  and i n  t h a t  t h e  commonly used 
free-molecular I1ramV1 theory i s  replaced a continuum theory more 
appropr i a t e  t o  t h e  region 40 t o  80 ki lometers .  
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I. INTRODUCTION ---. 
A. General Statement of the Problem 
Because of its complexity and inaccessibility to ordinary 
exploratory techniques, the &region of the ionosphere remains 
relatively unexplored. A complete description of this region 
requires a detailed study of its ionic composition, A logical 
first step in this direction is the development of a technique 
for measuring charged particle densities in the region 40 to 80 
kilometers. Such measurements may be made using a subsonic, 
bipolar probe. It is the purpose of this paper to describe 
and evaluate a reliable method for determining positive ion 
densities in the region 4.0 to 80 kilometers using such a probe. 
B. Origin and &portance of the Method 
The ionospheric D-region is characterized by its complex 
chemistry and ionic composition. 
are small, the positive ion density being roughly l o 3  ions/cm3 
Charged particle densities 
over the range 55 to 80 kilometers. A distinctive feature is 
the presence of large numbers of negative ions, the density of 
which increases with decreasing altitude. The.oretica1 estimates 
by Nicolet and Aikin (1960) lead to a daytime negative ion to 
electron ratio ranging from essentially 0 at 80 kilometers, to 
about 10 at 50 kilometers. The ionizing radiations in this 
f 
region are primarily cosmic rays and Lyman-alpha radiation, 
although under disturbed conditions X-rays can be an important 
source of ionization. 
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It i s  g e n e r a l l y  accepted t h a t  t h e  p r i n c i p a l  p o s i t i v e  i o n s  
+ + presen t  i n  t h e  D-region a r e  0, and N, w i t h  t h e  p o s s i b i l i t y  t h a t  
NO dominates a t  c e r t a i n  a l t i t u d e s  (Nicolet  and Aikin, 1960). 
Although i t  i s  g e n e r a l l y  agreed t h a t  nega t ive  i o n s  are p resen t  
i n  s i g n i f i c a n t  numbers below 70 ki lometers ,  t h e r e  remains con- 
s i d e r a b l e  unce r t a in ty  as t o  which type o r  t ypes  o f  negat ive i o n s  
a r e  dominant. 
attachment a t  n igh t .  
e l e c t r o n s  tends t o  i n c r e a s e  t h e  o v e r a l l  %region e l e c t r o n  content .  
There i s  evidence po in t ing  t o  t h e  presence of  s i g n i f i c a n t  
+ 
These nega t ive  ions  are probably formed by e l e c t r o n  
During t h e  day photo-detachment of  t h e s e  
numbers of heavy i o n s  i n  t h e  D-region. Whether t hey  be d u s t ,  
vapor o r  other  i m p u r i t i e s  i s  n o t  c l e a r ,  al though t h e y  are probably 
formed by e l e c t r o n  attachment,  due t o  high e l e c t r o n  thermal 
v e l o c i t i e s ,  and are hence nega t ive  ions.  (See Pederson (1964) 
f o r  a summary of heavy ion p r o p e r t i e s  and measurements.) 
heavy i o n s  a r e  cha rac t e r i zed  by t h e i r  extremely small m o b i l i t i e s  
and hence may n o t  be expected t o  behave as small i o n s  i n  t h e  
presence of an e l e c t r i c  f i e l d .  
These 
The above d e s c r i p t i o n  p o i n t s  t o  t h e  need f o r  r e l i a b l e  in-  
formation concerning D-region i o n  types and concen t r a t ions ,  i n  
o rde r  t h a t  a more complete understanding of t h i s  region may be 
e f f e c t e d .  
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a 
The difficulties associated with &region measurements arise 
from its unique composition and altitude. 
the D-region is still too high for practical stationary balloon 
measurements. Historically, the most important ionospheric tool 
has been the radio sanding technique. 
sending a radio wave into the ionosphere and deducing ionospheric 
Despite its low altitude 
This method consists of 
properties from the characteristics of the reflected wave. Under 
exceptional solar conditions such methods can yield data as low as 
45 kilometers, but under normal daytime conditions their usefulness 
below 70 kilometers is limited. A disadvantage to radio techniques 
is their inability to measure other than electronic properties 
(density a d  collision frequency). This inability prevents their 
use in the study of the nighttime D-region, when electron densities 
are extremely low. A survey of ionospheric radio techniques may 
be found in Budden (1961). 
A more recent technique involves the use of bipolar probes 
to measure such parameters as charged particle densities and 
temperatures. 
in orbiting satellite measurements and in upper ionospheric work 
using both rocket-borne and free-falling probes. 
include high cost and low reliability. The method consists, essen- 
tially, in measuring the current to a conducting surface which is 
charged to a known potential with respect to the ambient medium via 
a second electrode (hence the name l1bipolar1l). 
ship between the measured potential, measured current, and the parameters 
of the ambient medium, one may deduce the values of these parameters. 
Probes of this type have had success in recent years 
Their disadvantages 
Using a known relation- 
-4- 
This method must be used with caution below 90 kilometers, 
for the usual free-molecular probe theory will no longer hold 
and a continuum theory must be employed. 
Probes attached to rockets, with a small collector and 
the rocket body serving as the second, return electrode have 
two main disadvantages in D-region work. First, gas contamha- 
tion from the rocket may introduce an indeterminate error. 
Second, rocket velocities are generally supersonic and probes 
travelling at supersonic velocities may drastically alter the 
composition of the medium in the vicinity of the probe (Hoult, 
1964), thus rendering measurements with supersonic probes highly 
inaccurate. 
The bipolar probe system described in this paper is free 
from the above objections. 
subsonic), and its operation is described by an appropriate 
continuum probe theory. The use of a reliable and inexpensive 
meteorological launch vehicle tends to alleviate the high cost 
and low reliability associated with probe work. 
C. Previous D-region Probe Work 
It is parachute-borne (and hence 
There have been but a limited number of D-region i o n  density 
measurements using bipolar electrostatic probes. 
however, have reported measurements using Gerdien condenser type 
probes. The Gerdien condenser consists, essentially, of two 
concentric cylinders between which a known electric field is 
applied. 
enables one, in principle, to compute the ambient ion density. 
Several workers, 
Knowing the current collected by the center electrode 
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Bourdeau, Whipple, and Clark (1959) have descr ibed  an experi-  
ment us ing  Gerdien condensers mounted on t h e  n o s e t i p  of a Viking 
rocket .  The au thors  have questioned t h e  i n t e r p r e t a t i o n  of t h e i r  
r e s u l t s ,  s ince  t h e  high Mach number involved (about M = 4.) probably 
d i s t u r b s  t h e  a i r  flow through t h e  condenser. 
wave may cause considerable  a l t e r a t i o n  of t h e  composition of t h e  
medium as pointed out  earlier.  Whipple (1964) has  presented r e s u l t s  
obtained from similar experiments us ing  Aerobee rockets .  
d e n s i t i e s  obtained a t  Fort  Churchi l l ,  Canada on November 27, 1960, 
show ion  d e n s i t i e s  of about 50 cm-3 a t  50 ki lometers .  These un- 
expectedly low va lues  may be t h e  r e s u l t  of d u s t  p a r t i c l e s  a c t i n g  
as recombination sur faces ,  o r ,  as Whipple po in t s  ou t ,  may be due 
t o  m i s i n t e r p r e t a t i o n  of Gerdien condenser behavior ,  
Aerobee sho t  a t  Wallops I s land ,  V i rg in i a  shows l a r g e r  d e n s i t i e s ,  
about 5 x lo3  ~ r n - ~  a t 60 ki lometers .  
The r e s u l t a n t  shock 
Ion 
A similar 
A probe wi th  e l e c t r i c a l  c h a r a c t e r i s t i c s  similar t o  those  o f  
t h e  Gerdien condenser has been descr ibed by Sagalyn and Smiddy 
(1963). 
l e c t o r  and a wire mesh outer  g r i d .  
t h e  s p h e r i c a l  e l e c t r i c  f i e l d ,  prevent ing stray f i e l d s  from 
a f f e c t i n g  t h e  ion  co l l ec t ion  process .  This  probe i s  again 
supersonic  and sub jec t  t o  t h e  u n c e r t a i n t i e s  assoc ia ted  wi th  
supersonic  probes. Wind tunnel experiments are underway t o  
s tudy t h e  shock s t r u c t u r e  about t h i s  probe. 
This  s p h e r i c a l  probe c o n s i s t s  of a charged c e n t r a l  col-  
The g r i d  tends t o  confine 
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A b i p o l a r  e l e c t r o s t a t i c  probe has been descr ibed by Smith (1963). 
H i s  c o l l e c t i n g  e l e c t r o d e  c o n s i s t s  of  t h e  rocke t  nose t ip ,  t h e  remain- 
d e r  of t h e  rocke t  body a c t i n g  as t h e  r e t u r n  e l ec t rode .  Di f f icu l t ies  
i n  i n t e r p r e t i n g  t h e  flow t o  t h i s  supersonic probe are a p resen t  
l i m i t a t i o n  t o  understanding i t s  operat ion,  although i t s  s i m p l i c i t y  
and r e s u l t a n t  low c o s t  are advantages. 
Pederson (1964) employs a parachute-borne Gerdien condenser 
f o r  t h e  measurement of p o s i t i v e  and negat ive ion  d e n s i t i e s  i n  t h e  
D-region. 
i s  i t s  subsonic ope ra t ion  and t h e  r e s u l t a n t  l a c k  of shock e f f e c t s .  
Disadvantages are t h e  angle  of a t t a c k  dependence of Gerdien condenser 
theory,  and t h e  u n c e r t a i n t y  i n  determining t h e  a i r  flow through t h e  
condenser. Pederson's probe i s  i n  t h e  wake of  t h e  detached rocke t  
nosecone, which complicates t h e  aerodynamics of h i s  probe. H i s  
r e s u l t s  i n d i c a t e  anomalous nega t ive  t o  p o s i t i v e  i o n  r a t i o s  which 
may be i n t e r p r e t a b l e  i n  terms o f  high d u s t  concen t r a t ions  i n  t h e  
D-region. 
D. 
The advantage of t h i s  probe over t hose  descr ibed ear l ie r  
Spec i f i c  Staqement o f  t h e  Problem 
A survey of  D-region p r o p e r t i e s  i n d i c a t e s  t h a t  re l iab le  informa- 
----- 
t i o n  i s  lacking concerning i o n i c  concentrat ions.  A f u l l e r  understanding 
of t h i s  region r e q u i r e s  t h a t  such information be made a v a i l a b l e .  
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With this in mind, a bipolar probe system capable of measuring 
ion densities in the region 40 to 80 kilometers is described and 
evaluated. 
cussed. 
free-molecular ram theory is discarded. 
an Arcas rocket shot are presented and errors resulting from 
compressibility effects, angle of attack, and photo-emission are 
discussed and estimated, The possibility of measuring electron 
and negative ion densities with the present probe system is 
investigated, and future work is discussed. 
The philosophy of its design and construction is dis- 
A continuum probe theory is used and the commonly used 
Experimental results from 
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11. EXPERIMENTAL TECHNIQUE? 
A.  Description of Experiment 
The launch v e h i c l e  employed i n  t h i s  program i s  t h e  Arcas 
meteorological rocket .  
and temperature measurements and has been proven capable  of high 
r e l i a b i l i t y .  
exce l l en t  choice as the  c a r r i e r  f o r  t h i s  program. 
designed t o  c a r r y  a parachute-borne payload f o r  e j e c t i o n  near  
apogee, which i s  about 75 kilometers .  
i s  ava i l ab le  when wind conditions and/or a l t i t u d e  requirements 
j u s t i f y  i t s  use.  
with the  United S t a t e s  Army E lec t ron ic s  Research Development 
A c t i v i t y  a t  White Sands Miss i l e  Range, New Mexico. 
This  rocke t  i s  r o u t i n e l y  used f o r  wind 
Its payload c a p a b i l i t i e s  and low c o s t  make it an 
The Arcas i s  
A boos te r  f o r  t h e  Arcas 
The rocket  launchings are done i n  conjunction 
The probe i s  ac t iva t ed  and c a l i b r a t e d  on t h e  ground j u s t  
p r i o r t o  launch, although a c e r t a i n  amount of i n - f l i g h t  
c a l i b r a t i o n  i s  poss ib le .  The probe c o l l e c t i n g  su r face  p o t e n t i a l  
v a r i e s  from about -7.0 v o l t s  t o  +0.5 v o l t s  according t o  t h e  p a t t e r n  
i l l u s t r a t e d  i n  Figure 1, and wi th  a per iod of about 10 seconds. 
Current da t a  f r o m  t h e  probe i s  telemetered t o  t h e  ground, and 
the p robe ' s  space-time coordinates  are obtained v i a  a continuous 
r ada r  t r ack  throughout i t s  t r a j e c t o r y .  These c u r r e n t  and r ada r  
d a t a  provide t h e  information necessary t o  compute ion  d e n s i t y  as 
a func t ion  of a l t i t u d e .  
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I lOsec I 
PROBE POTENTIAL SWEEP PATTERN USED IN PRELIMINARY 
SHOTS. TIMES SHOWN ARE APPROXIMATE. 
FIGURE I 
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Probe GeometQ 
The probe geometry chosen should meet s e v e r a l  c r i te r ia ;  
B *  - ------- 
(1) Low-cost and simple cons t ruc t ion  
(2) Size  and weight compatible wi th  rocke t  payload 
requirements,  y e t  s u f f i c i e n t  space f o r  e l e c t r o n i c s  
( 3 )  Amenable t o  s t ra ight-forward t h e o r e t i c a l  d e s c r i p t i o n  
( 4 )  
( 5 )  Unaffected by pho to -e l ec t r i c  e f f e c t s ,  
I n s e n s i t i v e  t o  angle  of a t t a c k  
The geometry chosen i s  shown i n  Figures  2 and 3 .  I t  i s  i n  
the form of a b l u n t  cy l inde r  with a p l ana r  c o l l e c t i n g  surface.  
The lower and somewhat l a r g e r  can con ta ins  the  b a t t e r i e s  f o r  t h e  
t e l eme t ry  system and se rves  as the  r e t u r n  e l e c t r o d e  f o r  t h e  bi-  
p o l a r  probe. The upper can con ta ins  t h e  probe e l e c t r o n i c s  and 
experimental  b a t t e r i e s ,  and a c t s  as t h e  primary e l ec t rode .  The 
s l eeve  on the s i d e  of t h e  upper can i s  a s l o t  t e l eme t ry  antenna, 
which was developed t o  provide an adequate r a d i a t i o n  p a t t e r n  
c o n s i s t e n t  with clean geometry, A ho le  i s  c u t  i n  t h e  upper p l ana r  
surface.  The a c t u a l  c o l l e c t i n g  d i s c  i s  centered w i t h i n  t h i s  ho le  
and i n s u l a t e d  from the remainder of  t h e  can by a narrow i n s u l a t i n g  
r i n g  i n  such a manner as t o  maintain t h e  d i s c  f l u s h  wi th  t h e  
surrounding surface.  The remainder of t h e  upper can i s  a t  t h e  
same p o t e n t i a l  as the  c o l l e c t i n g  e l e c t r o d e  and hence a c t s  as a 
guard su r face  i n  t h e  sense t h a t  i t  maintains  t h e  p l ana r  e l ec t r i ca l  
c h a r a c t e r i s t i c s  of t h e  c o l l e c t i n g  e l ec t rode .  
c o l l e c t o r  a r e  a t  a known p o t e n t i a l  with r e s p e c t  t o  t h e  lower can, 
The upper can and 
enabl ing cu r ren t  ve r sus  v o l t a g e  d a t a  t o  be obtained.  The parachute  
8 
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ASSEMBLED PROBE ASSEMBLY 
LESS PARACHUTE 
FIGURE 2 
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SLOT 
TELEMETRY 1 
ANTENNA 
COLLECTING DISC 
Icm RADIUS 
TELEMETRY C A N  
GUARD ELECTRODE 
4cm RADIUS 
I 
IO cm 
I I 
/I 
I I 
I BATTERY CAN I IOcrn I 
DETAILS OF PROBE ASSEMBLY 
FIGURE 3 
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t 
a t t aches  t o  a p l a t e  a t  the  bottom of t h e  lower can such t h a t  t h e  
e n t i r e  assembly hangs inver ted  wi th  c o l l e c t o r  down. 
t i o n  permits  s t ra ight-forward desc r ip t ion  o f  t h e  medium f l o w  
p a t t e r n  about t h e  probe, and sh ie lds  t h e  c o l l e c t o r  from s o l a r  
r a d i a t i o n  and t h e  r e s u l t a n t  contaminating photo-currents,  
This  or ien ta-  
I t  has been shown by Hoult (1965), t h a t  t h e  geometry descr ibed 
above i s  i n s e n s i t i v e  t o  angle  o f  a t t a c k .  The "Gerdien condenser'! 
and o ther  angle  of a t t a c k  s e n s i t i v e  devices  suffer  f r o m  e r r o r s  
r e s u l t i n g  from t h e  swinging of t h e  probe-parachute assembly upon 
descent ,  and from t h e  f a c t  t h a t  t h e  probe v e l o c i t y  and wind v e l o c i t y  
vectors  are not  i n  genera l  i n  t h e  same d i r e c t i o n ,  even under no-swing 
condi t ions.  
Both t h e  upper can with i t s  c o l l e c t o r ,  and t h e  lower can, are 
constructed of aluminum, and the  e n t i r e  assembly (less parachute)  
weighs approximately 2 kilograms. 
C, Probe ,Elec t ronics  and Telemetry 
A block diagram of t h e  probe e l e c t r o n i c s  system i s  shown i n  
Figure 4. This  system was p r i n c i p a l l y  designed by Hale (1965). 
A s e n s i t i v e  feedback electrometer  i s  used t o  improve frequency 
response and t o  hold t h e  c o l l e c t i n g  d i s c  a t  a f i x e d  p o t e n t i a l .  
An automatic range-switching c i r c u i t  i s  employed i n  order  t o  
measure a wide dynamic range of p o s i t i v e  and negat ive  cu r ren t s ,  
t h e  usable  range being about 2 lO-l3 t o  - + 5 x 10-1 ' amperes. 
use of t he  automatic range-switching c i r c u i t  provides  an i n f l i g h t  
c a l i b r a t i o n ,  t he  switch poin ts  always occurr ing a t  known cu r ren t  
values .  Also,  t he  c i r c u i t  permits t h e  use  o f  t h e  low-cost 
The 
-1 4- 
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ffradiosondeff 1680 mc/s telemetry transmitter used on weather balloons, 
since there is no need for a multichannel IRIG system. 
torized, voltage controlled, blocking oscillator pulse modulator for 
the transmitter, slow voltage sweep generator, and voltage regulation 
(about one part in l o 4 )  circuitry complete the electronics package. 
The telemetry antenna is in effect a .925 ?, x .25 ?, x l/Sfl slot 
wrapped around the electronics can in the form of a sleeve, and 
provides an adequate, relatively null-free, radiation pattern. 
D. Data Acquisition and Reduction 
A transis- 
--1_ 
The data acquisition system is currently undergoing consider- 
able improvement. 
meteorological system. 
units launched on weather balloons, has been considerably upgraded 
The telemetry ground station is a modified TMQ-5 
This system, designed f o r  the radiosonde 
by the United States Army Electronics Research and Development 
Activity at White Sands Missile Range. 
parametric amplifier insures quite noise-free reception on future 
launch operations. The probe telemetry pulse-modulated signal is 
received by this system and recorded simultaneously with range time 
upon a dual-channel tape recorder. 
capable of a frequency response of about 50 cycles per second. 
This in principle enables fine structure in the current data (and 
therefore in the medium) to be carefully studied as a function of 
time and altitude. 
equipment at White Sands and gives digital position, velocity, and 
acceleration data every one-tenth of a second throughout the flight. 
The recent addition of a 
The taped telemetry data is 
The probe radar track is performed by radar 
-16- 
The taped t e l eme t ry  d a t a  i s  played back through a n o i s e  f i l t e r  
of a d j u s t a b l e  c h a r a c t e r i s t i c s  and i n t o  a Sanborn dual-channel re- 
corder.  
i n i t i a l  probe c a l i b r a t i o n  a l s o  appears on t h i s  c h a r t  enabl ing 
s t ra ightforward c a l i b r a t i o n .  
by s tudying the automatic range-switching p o i n t s  which occurred 
during f l i g h t ,  s i n c e  t h e s e  p o i n t s  always occur a t  known c u r r e n t  
values .  
The conversion of current-t ime d a t a  t o  c u r r e n t - a l t i t u d e  d a t a  i s  
accomplished v i a  t h e  r a d a r  space-time da ta .  T h i s  completes t h e  
i n i t i a l  d a t a  reduct ion,  t h e  next s t e p  being t h e  conversion, by means 
o f  t h e  appropr i a t e  probe theory,  t o  ion d e n s i t y  v e r s u s  a l t i t u d e  da t a .  
This g i v e s  a d e t a i l e d  p l o t  of c u r r e n t  ve r sus  time. The 
A check on t h i s  c a l i b r a t i o n  i s  afforded 
A port ion of a current-t ime c h a r t  i s  shown i n  Figure 5. 
c 
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CURRENT L C  TIME t#+) = ? V  
PORTION OF CURRENT VS. TIME CHART 
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111. 
A .  D-region Probe Theory 
A s  s t a t e d  previously,  t h e  probe theory appropr i a t e  t o  a l t i t u d e s  
below 80 ki lometers  should refer  t o  a subsonic probe, and should be 
a continuum theory, 
f o r  a b l u n t  probe ope ra t ing  a t  high p o t e n t i a l ,  moving i n  an incompres- 
s i b l e ,  collision-dominated medium. 
be summarized here. 
Such a theory has  been c a r r i e d  ou t  by Hoult (1965) 
The results of h i s  a n a l y s i s  w i l l  
Previous continuum probe t h e o r i e s ,  f o r  example, Lam (1964), are 
no t  app l i cab le  t o  D-region work i n  t h a t  t hey  ignore negat ive i o n s  and 
refer t o  a medium having much h ighe r  charge d e n s i t i e s  than are p r e s e n t  
i n  t h e  D-region. 
Considerable s i m p l i f i c a t i o n  r e s u l t s  from t h e  two fol lowing 
cond i t ions ,  which are  t r u e  f o r  t h e  probe descr ibed below 80 ki lometers :  
(1) The i o n i z a t i o n  d e n s i t y  i s  so low t h a t  t h e  p o t e n t i a l  
due t o  t h e  probe i s  descr ibed by Lap lace ' s  equat ion 
cv2 (I = 0 ) .  
(2) The probe v e l o c i t y ,  although n o t  supersonic ,  i s  l a r g e  
enough t h a t  convection of charged p a r t i c l e s  dominates 
e l e c t r i c a l  mob i l i t y  and d i f f u s i o n  e f f e c t s  u n t i l  well 
i n s i d e  the  viscous boundary l a y e r .  
The f i rs t  condition s ta tes ,  i n  essence,  t h a t  even ve ry  nea r  t h e  
probe where medium n e u t r a l i t y  i s  no t  maintained, t h e  n e t  charge 
d e n s i t y  i s  so  small as t o  permit Po i s son ' s  equat ion t o  reduce t o  
L a p l a c e ' s  equation. This  condition se rves  t o  completely uncouple t h e  
p o t e n t i a l  problem from t h e  hydrodynamic flow and charge t r a n s p o r t  
problems. The second cond i t ion  enables  t h e  charge t r a n s p o r t  problem 
t o  be reduced t o  one governed by t h e  e l e c t r i c  f i e l d  a t  t h e  probe surface.  
-1'9- 
It i s  shown t h a t  t h e  p r i n c i p a l  component of cu r ren t  t o  t h e  
p l ana r  probe considered, a t  high nega t ive  p o t e n t i a l ,  i s  given by 
+ + +  
I = An eK Ew 
and i s  a p o s i t i v e  i o n  current .  
t h e  c o l l e c t o r  su r face ,  A i s  t h e  c o l l e c t o r  area, e i s  the  e l e c t r o n i c  
charge, and n , K , and I a r e  r e s p e c t i v e l y  ambient p o s i t i v e  ion 
Here Ew i s  t h e  e l e c t r i c  f i e l d  a t  
+ - I -  + 
number density, mob i l i t y ,  and cu r ren t .  
A similar resul t  i s  derived f o r  a h igh ly  p o s i t i v e  probe under 
daytime cond i t ions  
e e  Ie = An eK Ew 
and i s  an e l e c t r o n  cu r ren t .  Here s u p e r s c r i p t  e denotes e l ec t ron .  
The terms !!highly posi t iveI t  and "h igh ly  negat ive" r e f e r  t o  t h e  
c ondi ti on 
4 1  >>1 
kT 
where @, i s  t h e  c o l l e c t o r  p o t e n t i a l ,  k i s  Boltzmannls cons t an t ,  
and T i s  t h e  n e u t r a l  gas temperature. 
A s m a l l  nega t ive  ion  cu r ren t  w i l l  reach t h e  probe i n  both 
high p o s i t i v e  and high negative p o t e n t i a l  ca ses ,  b u t  it i s  t o o  
small t o  d i s t i n g u i s h  from t h e  p r i n c i p a l  components of probe 
c u r r e n t  by simple techniques, under daytime condi t ions.  I t  
should be pointed out  t h a t  t h e  s i t u a t i o n  under night t ime cond i t ions  
may be q u i t e  d i f f e r e n t .  A t  n i g h t ,  D-region e l e c t r o n  d e n s i t i e s  are 
extremely small, and possibly small enough t o  allow negat ive ions  
t o  dominate t h e  cu r ren t  t o  a p o s i t i v e  probe. 
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A simple way of looking a t  t h e  r e s u l t s  of t h i s  theory i s  as 
follows: 
nea r  t h e  surface of t h e  probe. 
The v iscous  flow maintains  a s tagnant  sample of t h e  medium 
Convection i n t o  t h i s  region maintains  
an ion iza t ion  dens i ty  no t  g r e a t l y  d i f f e r e n t  from t h e  d e n s i t y  of t h e  
ambient medium, a t  which po in t  e l e c t r i c a l  mobi l i ty  becomes t h e  
dominant process. 
Note t h a t  t h e  use of a free-molecular flow theory ( cu r ren t  = 
area x ve loc i ty  x number dens i ty  x charge) can be i n  e r r o r  by a 
f a c t o r  of 10 f o r  a negat ive  probe and by a f a c t o r  of 100 f o r  a 
p o s i t i v e  probe. 
Since the e l e c t r i c  f i e l d  a t  t h e  su r face  of t h e  probe c o l l e c t o r  
shown i s  given by 
where a i s  the t o t a l  probe guard r i n g  r ad ius ,  equat ions  (1) and (2) 
may be put  i n to  a form 
d e n s i t i e s  as follows: 
more convenient f o r  t h e  c a l c u l a t i o n  of number 
e 
- a , K e  . ne - naI  ( 4 )  
A most important r e s u l t  of t h e  above theory  i s  t h a t  equat ions 
(3) and ( 4 )  are  independent of angle  of a t t a c k .  
pendulum-like swinging of  the  probe-parachute assembly has  no e f f e c t  
upon t h e  cur ren t  c o l l e c t e d  and thus  causes  no e r r o r  i n  number dens i ty  
measurements. 
This  means t h a t  
-21- 
B. Ion ic  Mobi l i t i e s  
Equations (3)  and ( 4 )  i nd ica t e  t h a t  t h e  important q u a n t i t i e s  
+ 
t o  be evaluated are p o s i t i v e  ion  and e l e c t r o n  m o b i l i t i e s ,  K 
Ke. 
s i nce  t h e  d a t a  t o  be presented i s  p o s i t i v e  ion  da ta .  
and 
+ 
This  paper w i l l  concern i t s e l f  wi th  t h e  determinat ion of K , 
The parameter gene ra l ly  assoc ia ted  with t h e  concept of mobi l i ty  
i s  t h e  r a t i o  of e l e c t r i c  f i e l d  t o  ambient pressure  (E/P), and i s  
a measure of t h e  mean energy of impact of t h e  d r i f t i n g  ions.  I t  
i s  well  known t h a t  i o n i c  d r i f t  v e l o c i t i e s  i n  a i r  are e s s e n t i a l l y  
l i n e a r  i n  E/P a t  a given temperature f o r  E/P <, 200 v o l t s /  (cm-mmHg) 
(Varney, 1953). This f a c t  leads t o  t h e  d e f i n i t i o n  o f  mobi l i ty  
K = S  
E 
where v 
times p res su re )  i s  a constant  f o r  a given temperature.  
i s  t h e  i o n i c  d r i f t  ve loc i ty ,  and the  q u a n t i t y  KP (mobil i ty  D 
Since K i s  
inve r se ly  p ropor t iona l  t o  pressure (and t h e r e f o r e  number dens i ty ,  
n ) ,  i t  i s  customary f o r  re ference  purposes t o  de f ine  a reduced mobil- 
i t y ,  K O ,  r e f e r r e d  t o  t h e  number d e n s i t y  no = 2.69 x 
temperature To = 290°K. 
m-3 and 
With t h i s  d e f i n i t i o n  we have 
K O  (5 1 K = -  n0 n 
It  w i l l  be  assumed t h a t  t h e  dominant p o s i t i v e  ions  present  i n  
f +  + + 
the  D-region are N,, 0,, and NO . The mob i l i t y  of NO i n  a i r  may 
be ca l cu la t ed  f o r  temperatures less than about 300°K t o  good accuracy, 
- 22- 
probably within 10 % . 
g ives  t h e  reduced mobi l i ty  of NO 
The ca l cu la t ion ,  due t o  Dalgarno (1961), 
+ 
i n  a i r  as 
+ 2 
KO (NO) = 1.9 x 10-4 m 
sec-vol t  
The s i t u a t i o n  i n  t h e  case  of ions  moving i n  t h e i r  pa ren t  gas  
i s  by no means so  simple. Charge t r a n s f e r  e f f e c t s  between ion  and 
parent  molecule prevent t he  de r iva t ion  of a gene ra l  formula descr ib ing  
t h e  mobi l i ty  of such an ion.  
mental  d a t a  i s  a v a i l a b l e  f o r  t h e  ions  0, and N, i n  t h e i r  parent  
gases.  
However, a l i m i t e d  amount of experi-  
+ + 
+ 
Dalgarno (1961) has reviewed t h e  a v a i l a b l e  d a t a  f o r  0, i n  
0, and has a r r ived  a t  t h e  value 
+ 2 K, (0,)  = 1.9 x 10-4 m 
sec-vol t  
This va lue  i s  probably good t o  wi th in  20 O h .  
+ There a r e  no measurements of KO f o r  N,  f o r  va lues  of E/P less 
than about 100 v o l t s  cm-l mmHg-’. 
a t  low E/P values  has  been explained by Varney (1953) as due t o  
t h e  presence t h e  ion N, . 
The behavior of n i t rogen  ions  
+ + 
A t  h igh E/P va lues ,  N, i s  d i s soc ia t ed  
+ 
i n t o  N,, but  a t  lower va lues  of E/P, 
ion.  The dominance of  N, a t  low E/P 
Saporoschenko (1958), who employed a 
+ 
+ 
N, seems t o  be t h e  dominant 
has been confirmed by 
mass spectrometer  i n  h i s  
i n v e s t i g a t i o n  o f  t h e  ions  o f  ni t rogen.  
t h e  presence o f  N, a t  in te rmedia te  va lues  o f  E/P. 
+ of Varney (1953) i n d i c a t e  t h a t  t h e  mobi l i ty  of N, i s  n e a r l y  twice 
H i s  work a l s o  revegled 
+ 
The measurements 
+ 
t h a t  of  N,, The quest ion arises as t o  whether o r  n o t  such e x o t i c  
i ons  as N, and N4 are present  i n  s i g n i f i c a n t  numbers i n  t h e  iono- + + 
sphere,  o r  whether t hey  a r e  p e c u l i a r  t o  l a b o r a t o r y  condi t ions.  
The low s t a b i l i t y  of  t h e s e  ions would i n d i c a t e  t h a t  t h e i r  number 
i s  small compared t o  t h e  number of  N, i o n s ,  
+ 
Nevertheless,  i n  t h e  
absence of d e f i n i t i v e  i o n i c  composition measurements i n  t h e  D-region, 
i t  i s  d i f f i c u l t  t o  rule  o u t  any p o s s i b i l i t y .  
+ 
Assuming t h a t  N, i s  
t h e  dominant n i t rogen  i o n ,  the estimate of Dalgarno (1961) f o r  t h e  
mob i l i t y  of N, i n  a i r  may be used. 
+ 
Based upon t h e  measured mob i l i t y  
-I- 
of O, i n  O,, Dalgarno has a r r ived  a t  t h e  va lue  
+ 
K~ (N,) = 1.5 x 10-4 m2 
sec-vol t  
+ + +  + f o r  N, i n  N,. 
t ak ing  i n t o  account t h e i r  expected r e l a t i v e  abundances, a va lue  
If t h e  m o b i l i t i e s  of N,, 02, and NO are averaged, 
of + K, = 1.7 x 10-4 m 2  
sec-vol t  
i s  a r r i v e d  a t  as a r e p r e s e n t a t i v e  va lue  f o r  t h e  reduced mob i l i t y  
of p o s i t i v e  i o n s  i n  t h e  D-region. 
c a l c u l a t i o n  of  p o s i t i v e  i o n  d e n s i t i e s  from equat ion (3). 
This va lue  has  been used i n  the 
I t  w i l l  be noted t h a t  equation (5 )  expresses  no temperature 
dependence f o r  mobil i ty .  There i s ,  i n  f a c t ,  a small mob i l i t y  
temperature dependence, although f o r  t h e  i o n s  considered t h e  
f u n c t i o n a l  form of t h i s  dependence i s  no t  c l e a r .  
has i n d i c a t e d  t h a t  t h e  temperature dependence of K 
T2 
Dalgarno (1961) 
+ 
(NO)  i s  roughly 
1 
f o r  T > 300°K, with a more complicated b u t  weaker dependence f o r  
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+ lower temperatures. The temperature dependences of K (0,) and 
Kf f X 2 )  are virtually x k r , ~ w r , ,  although the work of Kovar, Beaty, 
and Varney (1957) indicates a small increase in mobility with 
decreasing temperature in the case of N,. 
it was thought unwise to include any sort of temperature dependence 
in equation ( 5 ) .  
C. Heavy Ions 
+ In view of the above 
There is evidence, as pointed out in the introduction, indica- 
ting that appreciable numbers of lrheavyfl ions may be present in 
the D-region. 
be expected that all such particles would be collected to a planar 
probe by some sort of I1ramf1 process. 
from the probe surface, and that these heavy ions are predominately 
negative, we would conclude that the heavy ion current to the probe 
would be angle of attack dependent, as characteristic of any ram 
collection process. 
to those of simple ions, we could expect to observe this angle of 
attack dependence in the current-time characteristic telemetered 
from the probe, as an oscillatory phenomenon having a period com- 
parable to that due to the swinging motion of the probe. 
D. Photo-electric Effects 
Because of their extremely small mobilities it would 
Assuming no secondary emission 
If these heavy ions exist in numbers comparable 
In the case of a bipolar probe in a charged particle environ- 
ment containing electrons and ions, it is well known that, if the 
probe surfaces have comparable area, the more positive electrode 
w i l l  aqu i r e  a s l i g h t l y  p o s i t i v e  p o t e n t i a l  with r e spec t  t o  t h e  
medium, while  t h e  more negat ive e l ec t rode  w i l l  r i se  t o  a high 
negat ive  p o t e n t i a l .  This i s  because t h e  e l e c t r o n s  which c a r r y  
cu r ren t  t o  t h e  p o s i t i v e  e lec t rode  have a much g r e a t e r  mob i l i t y  
than t h e  i o n s  which c a r r y  cur ren t  t o  t h e  nega t ive  e lec t rode .  
I n  e f f e c t ,  a low impedence connection i s  provided between t h e  
p o s i t i v e  e l ec t rode  and t h e  medium. 
I n  t h e  presence of s o l a r  r a d i a t i o n  capable o f  producing 
photo-e lec t r ic  cu r ren t s ,  t h i s  s i t u a t i o n  may be d r a s t i c a l l y  
a l t e r e d .  
nega t ive  e lec t rode ,  and t h i s  c u r r e n t  w i l l  be c a r r i e d  by t h e  
h igh  mob i l i t y  photo-electrons. If t h i s  photo-current i s  suf- 
f i c i e n t l y  l a r g e ,  it may dominate the  environmental effect  
descr ibed above. 
more nega t ive  e l ec t rode  near  space p o t e n t i a l ,  o r  even p o s i t i v e  
wi th  r e spec t  t o  i t ,  and the  more p o s i t i v e  e l ec t rode  a t  a l a r g e  
p o s i t i v e  p o t e n t i a l ,  g iv ing  a l a r g e  e l ec t ron  cu r ren t  t o  balance 
t h e  photo-current t o  the  more nega t ive  e lec t rode .  
The g r e a t e r  photo-current w i l l  flow t o  t h e  less 
The equi l ibr ium s i t u a t i o n  may be wi th  t h e  
The probe used i n  t h i s  experiment i s  or ien ted  such t h a t  
sun l igh t  cannot f a l l  upon the c o l l e c t i n g  d i s c  wi th  a moderately 
high (about 60° zen i th  angle)  sun and normal swinging motion of 
t h e  probe. However, sunl ight  does f a l l  upon t h e  c y l i n d r i c a l  s i d e s  
of  t h e  probe, and i t  must be remembered t h a t  t h e  e n t i r e  lower can 
i s  swept wi th  a p o t e n t i a l  with r e spec t  t o  t h e  e n t i r e  upper can, 
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even though the  cur ren t  t o  these  s i d e  sur faces  i s  n o t  d i r e c t l y  
measured. 
descr ibed i n  t h e  previous paragraph, t h e  equi l ibr ium p o t e n t i a l  
o f  t h e  probe was est imated as follows. 
I n  o rder  t o  estimate t h e  importance of t h e  e f f e c t  
The equi l ibr ium cu r ren t  balance t o  t h e  probe is  
( 6 )  
+ + 
17 - ITh - I ,  + 1; = -1; + Ith + I, - I,. 
Here, and i n  t h e  d iscuss ion  which follows, s u b s c r i p t 1  refers 
t o  t h e  upper can containing t h e  c o l l e c t i n g  e l ec t rode ,  and subsc r ip t  
2 r e f e r s  t o  t h e  lower e l ec t rode ,  Supe r sc r ip t s  e, ph, +, and - 
r e f e r  r e spec t ive ly  t o  e l ec t rons ,  photo-electrons,  p o s i t i v e  ions ,  
and negat ive  ions.  A l s o  
I = cur ren t  
$ = p o t e n t i a l  
A = e lec t rode  a rea  
J = curren t  dens i ty .  
Consider (I1 < 0, $ 2  > 0, where $,-$, = $lo and o0 i s  t h e  p o t e n t i a l  
d i f fe rence  maintained by t h e  probe e l e c t r o n i c s  (about u1.0 v o l t s ) .  
Under these  condi t ions w e  can approximate (6) by 
If + ITh = I, e - I, Ph 
+ Ph Ph o r  
A , J ,  + A y h J y h  = A,J; - A 2  J, 
where A ,  Ph , A;h r ep resen t  e f f e c t i v e  s u n l i t  areas f o r  e l ec t rodes  1 
and 2. 
condi t ions ,  4 A,. Hence 
Now A , = A ,  and A ,  Ph = A 2  Ph . Also, under r e p r e s e n t a t i v e  sun l igh t  
1 
+ JTh = 4.J: - J!h. ( 7 )  
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From equat ions (1) and ( 2 )  we can approximate 
e e e  + + +  J ,  = n eK E, and J 2  = n eK E, 
where E, and E, are t h e  e l e c t r i c  f i e l d s  a t  the  c y l i n d r i c a l  su r f aces ,  
which can be represented as 
where L = cy l inde r  length.  Since e l ec t rode  2 i s  p o s i t i v e ,  
Here E i s  a r ep resen ta t ive  photo-electron energy, and JBh i s  t h e  
Ph 
zero- f ie ld  photo-current. 
Under t h e  above condi t ions,  equation (7) becomes 
which determines $,, t h e  c o l l e c t o r  p o t e n t i a l ,  i n  terms of t h e  photo- 
cu r ren t  dens i ty ,  ambient e l ec t ron  dens i ty ,  and o0. 
may be used t o  es t imate  t h e  ex ten t  o f  c o l l e c t o r  p o t e n t i a l  con t ro l  
Equation (8) 
due t o  photo-emission provided estimates o f  JIh and t h e  energy func- 
(0, + o1 ) a r e  ava i l ab le .  1 e t i o n  exp [- E Ph 
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Alt. (km) 
80 
70 
60 
50 
Table 1 
Collector Potential (4, ) Computed for Two Values of Potential Differ- 
$1 (volts) $ 1  (volts) 
-6.8 -0.1 
-6.3 +0.4 
-2.0 1-1.1 
+1.3 +1.8 
ence Between Electrodes ((lo) 
- 
1 I O0 = W.6 V (lo = +7.0 V 
Although most solar ultra-violet radiation is absorbed above 
0 
50 kilometers, radiation in the 2000-3000 A range penetrates to 
the ozone layer. This radiation has been found by Bourdeau and 
Whipple (1965) to produce photo-electric currents of the order of 
6 x 
kilometers. 
of  the material used, being similar for tungsten and aluminum. 
Using these photo-electric intensities along with photo-electron 
energy information obtained by Bourdeau (1965), equation (8) may 
be evaluated so as to give the equilibrium collector potential for 
the probe. 
electron drift velocity measurements reported by von Engle (1955). 
Electron densities are those predicted by Nicolet and Aiken (1960). 
amp/cm2 at 70 kilometers and 3 x amp/cm2 at 50 
These currents were not found to be a strong function 
The electron mobility (Ke) has been determined from 
The r e su l t s  of t h e  ca l cu la t ion  are shown i n  Table 1 above. For 
comparison t h e  case $o = +0.6 v o l t s  i s  a l s o  shown. It i s  seen t h a t  
under normal ope ra t ing  condi t ions ($o = +7.0 v o l t s ) ,  s t rong  photo- 
c o n t r o l  begins  a t  about 65 ki lometers ,  and by t h e  time t h e  probe 
reaches 50 k i lome te r s  t h e  c o l l e c t o r  p o t e n t i a l  i s  p o s i t i v e  with 
r e spec t  t o  t h e  medium. 
as t h e  case o0 = N.6 v o l t s  i nd ica t e s .  
the c a l c u l a t i o n  performed using equation (8) i s  conservat ive i n  t h e  
sense t h a t  any refinement which takes i n t o  account t h e  e f f e c t  of 
t h e  parachute shadow, o r  a more accu ra t e  computation of t h e  e l e c t r i c  
f i e l d  on t h e  c y l i n d r i c a l  surface (edge e f f e c t s ) ,  would tend t o  decrease 
t h e  r a t i o  of photo-current t o  medium e l e c t r o n  c u r r e n t  and hence 
decrease t h e  a l t i t u d e  a t  which pho to -e l ec t r i c  c o n t r o l  of p o t e n t i a l  
becomes important.  Nevertheless, pho to -e l ec t r i c  c o n t r o l  of probe 
p o t e n t i a l  i s  not by any means a n e g l i g i b l e  e f f e c t  and must be borne 
i n  mind when e s t ima t ing  t h e  accuracy of t h e  ion  d e n s i t y  d a t a  t o  be 
presented. 
Lowering t h e  va lue  of  $lo worsens t h e  s i t u a t i o n  
I t  should be remarked t h a t  
The u n c e r t a i n t y  i n  probe c o l l e c t o r  p o t e n t i a l  descr ibed above 
w i l l  hope fu l ly  be el iminated i n  f u t u r e  work by covering t h e  probe 
s i d e s  w i t h  some s o r t  of m a t e r i a l  opaque t o  u l t r a - v i o l e t  r a d i a t i o n .  
The presence of some photo-electr ic  e f f e c t  has been observed i n  
t h e  day s h o t  o f  December 11, 196.4. 
l a t e r  i n  connection wi th  the d a t a  from t h i s  sho t .  
This e f f e c t  w i l l  be descr ibed 
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E. Compressibility Effects 
A s  pointed out before, the %region probe theory described in 
section 111-A neglects the effects of medium compressibility. That 
is, equations ( 3 )  and (4) effectively measure charged particle 
densities in the flow field of the probe. Since the Mach number 
for this probe, though less than one, is not small, there exist 
compressibility effects which tend to increase the number density 
in the vicinity of the probe (Hoult, 1964). To a first approx- 
imation we may estimate compressibility errors with the well-known 
relation 
1 
which results from a consideration of the density change in the 
medium caused by adiabatically bringing it to rest (Liepmann and 
Roshko, 1957). Here Y = 1.4, M = Mach number, P = mass density, 
and the subscript zero denotes conditions far from the probe. 
Since drag forces decrease the velocity of the probe-parachute 
assembly as it descends, compressibility errors are larger at 
higher altitudes. For a typical apogee (about 75 kilometers) the 
Mach number ranges from about 0.8 at 70 kilometers to about 0.2 at 
40 kilometers. Figure 6 gives the approximate percentage compres- 
sibility error in number density as a function of altitude for a 
typical shot. 
-31- 
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I V  . EXPERIMENTAL RESULTS 
A. Developmental Launches 
Four developmental launches have been made a t  White Sands 
Miss i l e  Range o f  t h e  probe system descr ibed,  t h e  first o f  which 
i n  September, 1964. 
ind ica ted  by subsequent recovery of t h e  payload i n  working order .  
No da t a  was received during t h e  i n t e r e s t i n g  po r t ion  o f  t h e  f l i g h t  
due t o  in t e r f e rence  f r o m  a weather bal loon opera t ing  on t h e  same 
frequency. 
rocket .  The r e s u l t i n g  d a t a  was very  noisy,  perhaps because the  
payload functioned i n  a more severe environment, t h e  Sirocco 
being a much higher acce le ra t ion  v e h i c l e  than t h e  Arcas. 
Probe operat ion was apparent ly  normal, as 
On December 16, 1964 a launch was made using a Sirocco 
The f irst  success fu l  shot  took p lace  a t  11:05 AM MST on 
December 11, 1964.. 
appeared t o  func t ion  normally t o  below 40 ki lometers .  
t r ack  of the e n t i r e  descent  was obtained and c lean  te lemet ry  d a t a  
received during most of t h e  f l i g h t .  
Apogee was 75.2 ki lometers ,  and t h e  probe 
A r ada r  
On March 22, 1965 a t  3 : O O  AM MST, another  Arcas shot  w a s  
launched. 
t o  funct ion normally down t o  about 4.0 k i lometers .  
no d i g i t a l  r ada r  t r ack  o f  t h e  descent  was obtained due t o  an 
equipment f a i l u r e .  
a l t i t u d e  c o r r e l a t i o n  f o r  t h i s  shot .  
Apogee was about 80 k i lometers ,  and t h e  probe appeared 
Unfortunately,  
This  f a i l u r e  has  prevented an accura te  cur ren t -  
-33- 
B. Angle of Attack E f f e c t  
Figure 7 i s  a p l o t  of the  raw cur ren t  da t a  versus  a l t i t u d e  f o r  
t h e  December 11, 1964 daytime shot .  Below about 65 k i lometers ,  i t  
w i l l  be noted t h a t  a r egu la r ,  pe r iod ic  phenomenon i s  p resen t  i n  t h e  
cu r ren t  da ta .  It  was not  obvious t h a t  these  o s c i l l a t i o n s  were due 
t o  t h e  pe r iod ic  swinging of t he  probe-parachute assembly, s ince  
the  probe theory  p r e d i c t s  no dependence o f  probe cu r ren t  upon angle  
o f  a t t ack .  It  was the re fo re  thought necessary t o  confirm t h a t  t hese  
o s c i l l a t i o n s  were not  r e a l  per iodic  v a r i a t i o n s  i n  t h e  medium i t s e l f .  
To f u r t h e r  i n v e s t i g a t e  the  o s c i l l a t i o n s ,  t he  n a t u r a l  pendulum 
period of t he  probe-parachute assembly was computed and compared 
wi th  t h e  per iod observed i n  the da t a ,  The per iod of a damped 
pendulum i s  given by 
where & i s  t h e  e f f e c t i v e  pendulum length ,  g i s  t h e  acce le ra t ion  of  
g r a t i t y ,  and K depends upon the drag force .  The drag c o e f f i c i e n t  
f o r  t h i s  parachute i s  about one o r  l e s s ,  and a simple c a l c u l a t i o n  
shows t h a t  i n  t h i s  case  
u2<< g x 
f o r  a l t i t u d e s  g r e a t e r  than about 45 kilometers .  Hence f o r  our 
purpo s e s 
T =  2 
5 a 
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Figure 8 shows the  period observed i n  t h e  d a t a  ve r sus  time from 
launch. 
corresponding t o  such a period. 
from measurements being taken over only a p o r t i o n  of  a per iod,  s i n c e  
t h e  c o l l e c t o r  remains a t  a constant  nega t ive  p o t e n t i a l  over only 
about h a l f  t h e  t o t a l  ten-second sweep t i m e . )  
l i n e  drawn through t h e  mean o f  t h e s e  p o i n t s  corresponds t o  a pe r iod  
of about 6.8 seconds and t h e r e f o r e  a l e n g t h  of 8 = 11.1, meters. 
This agreement wi th  t h e  a c t u a l  probe-parachute l e n g t h  of about 10 
meters i s  considered exce l l en t ,  and confirms t h e  hypothesis  t h a t  
t h e  d a t a  o s c i l l a t i o n s  a r e  due t o  swinging of t h e  probe i n  a 
pendulum-like manner. 
The h o r i z o n t a l  l i n e s  i n d i c a t e  t h e  pendulum l eng th ,  &, 
(The spread i n  t h e  pe r iods  r e s u l t s  
I t  i s  seen t h a t  a 
The ques t ion  arises: Since t h e  probe theo ry  p r e d i c t s  no 
dependence of c u r r e n t  upon angle of a t t a c k ,  how i s  t h e  apparent  
dependence descr ibed above explained? 
themselves. F i r s t ,  heavy ions would be expected t o  obey some angle  
of a t t a c k  dependent ram theory,  and l a r g e  numbers of them could 
cause t h e  probe t o  d i s p l a y  a s i g n i f i c a n t  angle  of a t t a c k  e f f e c t .  
Second, photo-electr ic  con t ro l  of p o t e n t i a l ,  descr ibed ear l ier ,  
could cause t h e  10% o s c i l l a t i o n s  i n  c u r r e n t ,  even though t h e  
c o n t r o l  was so weak as t o  only cause a 0.5 v o l t  d i f f e r e n c e  i n  probe 
p o t e n t i a l  as compared with no- s u n l i g h t  condi t ions.  
Two p o s s i b i l i t i e s  p re sen t  
I t  was f e l t  t h a t  t h e  l o g i c a l  way t o  r e s o l v e  t h i s  angle  of 
a t t a c k  probelm was t o  f i r e  a n i g h t  shot .  A t  n i g h t ,  pho to -e l ec t r i c  
c 
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e f f e c t s  cannot exis t ,  although one would s t i l l  expect t o  encounter 
s i g n i f i c a n t  numbers o f  heavy ions ,  i f  t hey  a r e  of importance. 
Such a n i g h t  sho t  was f i r e d  on March 22, 1965, a t  3 : O O  AM 
MST. A lack of accu ra t e  r a d a r  d a t a  prevented accu ra t e  a l t i t u d e -  
time co r re l a t i cn ;  
sho t  i s  shown i n  Figure 9. 
Figure 7 do notappear i n  Figure 9, even though i t  i s  p o s s i b l e  t o  
determine cu r ren t  t o  an accuracy of l e s s  than 2%. If t h e  pos- 
s i b i l i t y  t h a t  t h e  probe d i d  n o t  swing i s  neglected,  t h i s  n i g h t  
s h o t  gives  s t rong  support  t o  t h e  photo-control hypothesis  advanced 
e a r l i e r ,  and i t  may be concluded t h a t  t h e  o s c i l l a t i o n s  observed 
however, t h e  cu r ren t  ve r sus  t i m e  d a t a  €or  t h i s  
Note t h a t  t h e  o s c i l l a t i o n s  p re sen t  i n  
i n  the  day sho t  a r e  indeed due t o  a photo-effect .  
C. Pos i t i ve  Ion Density Data 
Figure 10  shows t h e  p o s i t i v e  ion d e n s i t i e s  obtained from 
t h e  Arcas shot  of December 11, 1964, a t  11:05 AM MST. 
i n d i c a t e  t h a t  t h e  parachute funct ioned normally, r e s u l t i n g  i n  a 
Radar d a t a  
subsonic probe v e l o c i t y  from 74 kilometers  down. 
p o t e n t i a l  assumed i n  computing n 
equivalent  t o  assuming t h a t  t h e  more p o s i t i v e  e l e c t r o d e  was a t  
space p o t e n t i a l .  
equation (8) and i l l u s t r a t e d  i n  Table 1 i n d i c a t e  t h a t  t h i s  may be 
The probe c o l l e c t o r  
+ was 0, = -7.0 v o l t s ,  which i s  
The p o t e n t i a l s  computed from t h e  current-balance 
a bad assumption, due t o  photo-control of p o t e n t i a l .  
p o s i t i v e  ions a r e  assumed t o  be 0,, N,, and NO , and t h e  corresponding 
reduced mobili ty employed i s  Ki = 1.7 x 10-4 mZ/sec-volt as discussed 
i n  sec t ion  111-B. 
The dominant 
+ +  + 
Taking i n t o  account experimental  e r r o r s  i n  t h e  
determination of mob i l i t y  and poss ib l e  combinations of t h e  i o n s  
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+ +  + 
02, N,, and NO 
KO < 2.1 x 10-4) m2/sec-volt. 
r ep resen t  upper and lower l i m i t s  on ion  d e n s i t y  t ak ing  i n t o  account 
errors r e s u l t i n g  from photo-control of p o t e n t i a l ,  mob i l i t y  uncer- 
t a i n t y ,  and compress ib i l i t y  e f f e c t s .  
l e a d s  t o  probable mob i l i t y  l i m i t s  of (1.5 x 
+ 
The two e r r o r  curves  i n  Figure 10 
I t  i s  seen t h a t  t h e  p o s i t i v e  ion d e n s i t y  obtained between 60 
and 70 ki lometers  i s  roughly lo3 
r e s u l t s  with those obtained by t h e  workers discussed i n  s e c t i o n  
I - C  show ion d e n s i t i e s  l a r g e r  by a t  l eas t  a f a c t o r  of f i v e  than 
those obtained with t h e  p re sen t  system, It i s  f e l t  t h a t  t h e  
discrepancies  between v a r i o u s  workers are more l i k e l y  due t o  
d i f f e rences  i n  technique r a t h e r  than t o  d i f f e r e n c e s  i n  ionospheric  
condi t ions,  although f u r t h e r  work i s  r equ i r ed  t o  confirm t h i s  
supposit ion.  
A comparison of  t h e s e  
c 
. 
V. SUMMARY AND CONCLUSIONS 
The absence of reliable data describing I!-region ionization has 
resulted in the design of a bipolar probe system believed capable 
of accurately measuring positive ion densities in the region 40 t o  
80 kilometers. 
straight-forward theoretical description of the probe's operation, 
and the use of a parachute-borne, and hence subsonic, system has 
eliminated the uncertainties inherent to supersonic probes. 
important result of the probe theory is its independence o f  angle 
of attack, and resultant insensitivity to the probe's swinging 
motion upon descent. 
associated with probe work have been alleviated through the use of 
the reliable and relatively inexpensive Arcas meteorological launch 
vehicle. 
The choice of a planar geometry has resulted in a 
An 
The high cost and low reliability often 
The presence of unexpectedly large photo-effects at D-region 
altitudes has resulted in considerable uncertainty in probe collector 
potential during daytime shots, and neccessitates either shielding 
the probe sides from solar ultra-violet radiation o r  conducting 
nighttime experiments. 
An examination of the day shot of December 11, 1964, revealed 
a periodic fluctuation in current as a function of time. It was 
surmised that these oscillations were the result of a photo-effect, 
and the absence of such oscillations in a subsequent night shot 
confirmed this hypothesis. 
-L2- 
Positive ion density obtained during daytime quiet solar 
conditions indicate a number density of roughly lo3 ~ m - ~  in the
region 60 to 70 kilometers. This value is generally lower than 
those reported by other workers in this field. 
error in the ion densities obtained arises from the uncertainty 
in probe potential resulting from photo-effects. 
The principle 
Future work with this system should resolve some of the 
difficulties mer,tioned. 
measurements of nighttime positive (and possibly negative) ion 
densities has interesting possibilities. At night D-region 
electron densities are nearly zero, and the only ionization 
process operative is the ionization by cosmic rays. 
greatly reduce the complexity of the important chemistry over 
that of the daytime. Investigations are being conducted into 
the possibility of measuring reaction rate coefficients for 
nighttime processes using the ion density data obtained from 
this probe system. 
The possibility of making accurate 
These facts 
At present, the effects of compressibility upon the data 
have only been indicated by an error estimate. 
the explicit dependence of ion density upon Mach number may be 
worked out. Work in this direction is currently being carried 
through. 
It is hoped that 
The uncertainties in ionic mobilities mentioned earlier can 
only be resolved by an investigation of the dominant ion species 
in this region. The development of a mass spectrometer capable of 
L 
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functioning at high D-region pressures is desirable. 
of the dominant ions should be followed by accurate mobility measure- 
ments, either in the laboratory o r  by some direct ionospheric 
technique. 
Identification 
The correlation of measured ion density to specific ionospheric 
reactions will require accurate cosmic ray ionization measurements 
in the D-region. 
balloon measurements below 40 kilometers. 
Present zvailable data are estimates based upon 
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